In most energy harvesting applications the need for a reliable long-term energy supply is essential in powering embedded sensing and control electronics. The goal of many harvesters is to extract energy from the ambient environment to power hardware; however in some applications there may be conditions in which the harvester's performance cannot meet all of the demands of the embedded electronics. One method for addressing this shortfall is to supplement harvested power through the transmission of wireless energy, a concept that has successfully been demonstrated by the authors in previous studies. In this paper we present our findings on the use of a single electromagnetic coil to harvest kinetic energy in a solenoid configuration, as well as background and directed wireless energy in the 2.4 GHz radio frequency (RF) bands commonly used in WiFi and cellular phone applications. The motivation for this study is to develop a compact energy harvester / receiver that conserves physical volume, while providing multi-modal energy harvesting capabilities. As with most hybrid systems there are performance trade-offs that must be considered when capturing energy from different physical sources. As part of this paper, many of the issues related to power transmission, physical design, and potential applications are addressed for this device. .
INTRODUCTION
The need for dependable, long-term power systems has resulted in a growing interest in energy harvesting research over the past decade. This increase in research has been supported by the decreasing power demands of many electronic devices, making the development of low power embedded sensing and actuation systems a reality for many scientific and engineering applications. One limitation with many energy harvesting devices is that they rely on ambient or environmental energy, sources that are cyclic in nature as the quality of available power varies with time. In many civil, industrial, and biomedical applications there are periods of high energy availability, followed by times of low energy availability (e.g. variable traffic loads, solar induced thermal gradients, human motion, etc.). This aspect of many energy harvesting systems has led researchers to consider the development of multi-functional or multi-modal energy harvesters that can accept energy from dissimilar sources, yet be able to store this within a single capacitive element that can then be used to power embedded hardware 1, 2, 3, 4 . Other design constraints that are often important in the development of an energy harvesting system are physical constraints such as system mass and volume.
Advanced low power wireless telemetry components have allowed embedded sensing systems to be designed and installed in locations that would be difficult or otherwise impossible for traditional wired networks. The flexibility that comes with a wireless sensor node makes it amenable for use in remote or inaccessible applications, as they can be integrated within the design of future systems, or used to retrofit existing structures without the need for significant modification. However, this flexibility also comes the necessary design considerations needed to produce a sustainable and reliable power source. Most commercial and R&D prototypes rely on traditional battery technologies and often require periodic recharge or replacement schedules for long term operation. Some recent designs have begun to incorporate power strategies that can accept some energy harvesting strategies in addition to conventional batteries. While extensive research has focused on the development of an effective energy harvester, the amount of scavenged energy often falls below the levels needed to power sensing, on-board processing and telemetry subcomponents of the standard wireless sensor node, and this is especially true for nodes with active sensing capabilities. To address these issues our team has worked to develop a sensor node with the explicit intent that it be able to operate using either harvested energy or energy received from directed RF energy transmission.
One approach to improving the sensor nodes' performance is to develop a hybrid, or multi-source energy harvesting solution, where energy is extracted from a combination of different sources (e.g. thermal, mechanical, chemical). The energy from each of these different sources is then conditioned and used to charge a common storage medium. Such an approach could be used to augment batteries that are installed in the sensor node, or they could be coupled with a directed RF energy system that could periodically bring energy near the sensor node, allowing the node to harvest this microwave energy and use it to supplement the energy harvesting system.
In this paper we present a hybrid energy harvesting transducer designed to capture 1) ambient kinetic energy from low frequency vibrations, and 2) microwave energy from either ambient or directed radio frequency (RF) sources. The following sections provide a description of the energy harvester, as well as laboratory experiments to assess the system's performance for specific base excitations, orientations within an RF field, and different electrical configurations of the electromagnetic coil sets. For the purposes of this study, the authors focused on the development of a hybrid energy harvesting / transmission system that could utilize on a single transducer design to scavenge both kinetic and wireless energy. The design itself relies upon an electromagnetic coil to generate current in the presence of an oscillating magnetic field, but be tuned to couple into ambient microwave frequencies. Several previous studies have focused on electromagnetic coils to harvest kinetic energy through a solenoid design 5, 6 , while others have focused on patch antenna designs to collect transmitted and ambient RF energy sources 7 .
ENERGY HARVESTER DESIGN
The electromagnetic (EM) energy harvester developed for this study is shown in Figure 1 . The overall dimensions of the harvester are 50.8 mm diameter x 95.3 mm in length, and are fabricated from a clear polycarbonate tube with wall thickness of 3.2 mm. The electromagnetic coils were wound on smaller diameter (44.5 mm OD) polycarbonate tube with 2 mm recesses machined within them. These recesses were located 3.2 mm from the mid-plane of the harvester as shown in Figure 1 . Two coil sets were wound within these recesses, each composed of three 25 turn coils that were concentrically wound and cast in a clear epoxy. This provided six independent electromagnetic coils that were terminated with a 12 pin electrical header that was used to connect the coils in a variety of series and parallel configurations.
Kinetic Energy Harvesting
Kinetic energy was collected from the motion of a 38.1 mm diameter x 12.5 mm neodymium magnet that was allowed to oscillate along a 3 mm diameter carbon fiber guide rod. Compression springs were used to center the magnet within the transducer, and stiffness values were selected to provide a first natural frequency of 12.5 Hz. When assembled, the magnet faces were spatially centered with respect to the electromagnetic coil sets. In this configuration each coil set was subject to equivalent magnetic fields as the magnet traveled along the guide rod. During tests, power levels were measured when the coils were connected in both series and parallel configurations. Electromagnetic transducer designed to harvest kinetic and wireless energy. The system relies upon a 37.9mm (dia) x 12.5mm neodymium magnet. The magnet slides along a carbon fiber guide rod and is constrained by compressive springs.
Wireless Energy Transmission
The coil diameter for the transducer is selected based upon the wavelength of the 2.4 GHz industrial, scientific and medical (ISM) radio band. The center frequency in this operating band is 2.45 GHz, which has a corresponding wavelength of 122.4 mm. Using this dimension as a guide for the coil circumference, the inner polycarbonate tube was fabricated a 2mm recesses to provide a coil diameter of 40.5 mm. While this was slightly larger than the targeted 39.0 mm, it was necessary to maintain structural stability of the tube. The electromagnetic energy harvester was also fit with a 39.0 mm diameter copper ring made from 18 AWG wire that serves as a ground reference for the helical antenna ( Figure 2 ). This ground ring was mounted 38.1 mm from the mid-plane of coil set 1, and 57.2 mm from the mid-plane of coil set 2. The following section provides an overview of the experimental setup and characterization of both the kinetic and RF energy harvesting performance of the hybrid energy harvester.
EXPERIMENTAL CHARACTERIZATION

Electrodynamic Excitation
To characterize the kinetic energy harvesting properties of the EM energy harvester, the system was mounted within a polycarbonate fixture to a low friction linear slide ( Figure 3 ). The linear slide was fabricated out of aluminum, and mounted to an stainless steel optical breadboard to limit magnetic interference with the magnetic field generated by the Test fixture used to characterize the dynamic response of the electromagnetic shaker. The system is excited using a Labworks ET-132-1 electrodynamic shaker and PA-126 power amplifier. The system was controlled using a Dactron Photon analyzer.
Labworks ET-132-1 electrodynamic shaker Electromagnetic harvester oscillating neodymium magnet. The fixture was connected to a Labworks ET-132-1 electrodynamic shaker using an aluminum stinger as shown in Figure 3 . The shaker was driven using a Labworks PA-126 power amplifier using a series of excitation signals generated by a Dactron Photon Fourier analyzer. During tests the base and magnet accelerations of the system were monitored using two PCB 352C22 shear accelerometers (nominal sensitivity 10 mV/g). Voltage signals generated by each of the coil sets were also measured to provide voltage to acceleration transfer functions for the electromagnetic energy harvester.
The first tests were conducted with a 5 to 100 Hz chirp excitation to determine the first natural frequency of the system. A voltage to base acceleration frequency response function was measured and is shown in Figure 4 . The system's first natural frequency was determined to be 12.5 Hz. Open circuit voltages were then measured for square wave excitation signals, with the results shown in Figure 4 (right) for 5g and 3.5g peak acceleration levels. Following these initial characterization studies the energy harvester was connected to a Midé EHE 001NC rectification circuit and used to charge a 0.1F aerogel supercapacitor. The voltage and energy profiles for this experiment are shown in Figure 5 for the same 5g and 3.5g base accelerations used in the open circuit characterization. In each of these measurements coil sets 1 and 2 were connected electrically in series to maximize the voltage out. In this configuration, the energy harvester utilizes a 150 turn electromagnetic coil. Other configurations were considered, including all of the coils being configured in parallel (equivalent to a 25 turn coil composed of six sections of 30 AWG wire) as well as parallel connections between coil sets 1 and 2 (equivalent to a 75 turn coil composed of two sections of 30 AWG wire). In each of these alternative configurations voltage levels were lower, however the total energy levels were equivalent. 
Wireless Energy Transmission
In the classical design of helical antennas, there is an 'ideal' pitch spacing of 12° to 14° between coil turns. Since volume is one design constraint that is often of importance in energy harvesting applications, a small study was conducted to assess the efficiency loss associated with reducing pitch spacing and evaluating the RF performance of a compact solenoid coil. For comparison, two helical antennas were fabricated, using 'ideal' and 'compact' windings of the electromagnetic coil. Testing was conducted with two 10 turn helical antennas tuned in the 2.4 GHz band. The same reference plan and stand-off distances were used in each characterization, with power performance measured as a function of excitation frequency from 2.0 to 2.5 GHz. An overall reduction in performance of 20% was observed for the compact antenna design, however given that the antenna length was reduced from 290 mm ('ideal') to 2.5 mm (compact) -this loss in performance was deemed acceptable as it provides a functional, low-volume RF transducer.
The experimental setup used to characterize the wireless energy transmission performance of the EM energy harvester is shown in Figure 6 . The energy harvester was positioned 0.85 m from the transmitting antenna, and was tested in axial and normal orientations relative to the source antenna. A HyperLink Technologies HG2415G (15dBi) reflector grid antenna was used as the source antenna, and was driven at 2.46 GHz using a NovaSource NS-2000-100 RF signal generator and Stealth Microwave SM0825-36H power amplifier. Mini-Circuits 15542 attenuators were used to limit output power to 800 mW. The EM harvester was connected to a simple rectification circuit and open circuit voltages of 1.52 V were measured in the axial configuration for coil set 1 connected in parallel. Figure 7 presents the charge Transmitting Antenna response for a 0.1 F capacitor for coil set 1, as well as coil sets 1 and 2 connected in parallel. In the case where all of the coils were connected, there was a measureable reduction in open circuit voltage to 1.32 V, indicating that there is some RF interference between the two coil sets given their relative position to one another. This behavior is also evident in the voltage and energy profiles illustrated in Figure 7 . The EM harvester was also tested in a normal orientation with respect to the source antenna. In this orientation open circuit voltage levels of 1.24 V were measured for coil set 1. It should be noted that these experiments were conducted in a laboratory without RF treatment. Future tests are planned in an anechoic chamber to better characterize the wireless performance capabilities without concern over constructive or destructive reverberant interference.
SUMMARY AND CONCLUSIONS
The energy harvester that was developed and tested in this study was designed to harvest electrical energy from either kinetic or wireless electromagnetic energy sources. The system relies on a traditional electromagnetic coil as the transduction element, but seeks to exploit its dual use to extract energy from multiple domains when subject to a dynamic magnetic field, or radiant microwave energy in the 2.4 GHz ISM band. This hybrid energy harvester was shown to operate in both energy harvesting and transmission applications, with each function demonstrated independently in the laboratory. The EM harvester was built with a dynamic resonant frequency of 12.5 Hz, and an electromagnetic resonance of 2.46 GHz. When characterized in the laboratory it was found to harvest joules of energy under dynamic loading, and milli-joules of energy in the ISM band under the given test conditions. Future tests will be conducted in a RF anechoic chamber to better characterize the wireless performance capabilities of the coil, as well as to evaluate interference issues observed between coil sets used in this transducer design. Future tests will also be conducted to harvest energy simultaneously from the low frequency (dynamic) and high frequency (wireless) energy regimes.
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